Although temozolomide (TMZ) is the current first-line chemotherapy for glioblastoma multiforme (GBM), most patients either do not respond or ultimately fail TMZ treatment. Both intrinsic tumor resistance and limited access of TMZ to brain tumors as a result of the blood-brain barrier (BBB) contribute to poor response and ultimately to poor prognosis for GBM patients. We have developed a "dual-targeting" nanomedicine that both actively crosses the BBB and actively targets cancer cells once in the brain parenchyma. This nanomedicine (termed scL-TMZ) is sized~40 nm and comprised of a cationic liposome (DOTAP:DOPE) encapsulating TMZ. The surface of liposome is decorated with anti-transferrin receptor single-chain antibody fragments to facilitate the crossing of the BBB by the scL-TMZ in addition to targeting GBM in the brain. This novel formulation was found to be markedly more effective than standard TMZ in both TMZ-resistant and TMZ-sensitive GBM. Encapsulation of TMZ also markedly enhanced its efficacy in killing a variety of non-GBM tumor cells. The scL-TMZ nanocomplex was shown to target cancer stem cells, which have been linked to both drug resistance and recurrence in GBM. Most significantly, systemically administered scL-TMZ significantly prolonged survival in mice bearing intracranial GBM tumors. The improved efficacy of scL-TMZ compared to standard TMZ was accompanied by reduced toxicity, so we conclude that the scL-TMZ nanomedicine holds great promise as a more effective therapy for GBM and other tumor types.
Introduction
Glioblastoma multiforme (GBM) is one of the most lethal forms of cancer. Despite intensive multimodal treatments comprising surgical resection, radiation, and temozolomide (TMZ) chemotherapy, the prognosis of GBM patient is very poor [1] . Moreover, approximately 60-75% of GBM patients do not benefit from TMZ [2] . This lack of response has been attributed to a number of factors including the short half-life of TMZ in circulation, its inefficient crossing of the blood-brain barrier (BBB), poor drug influx and excessive drug efflux in tumor cells, DNA damage repair systems, and deregulation of apoptosis [3, 4] . Although relatively well tolerated, TMZ possesses dose-limiting side effects [5] .
We have developed a tumor-targeting immunoliposome nanocomplex (designated as "scL" referring to it being a liposome with a single chain antibody fragment as a targeting moiety) for systemic delivery of its payload to primary and metastatic tumors with exquisite specificity [6, 7] . Nanomedicines based on scL carrying various types of therapeutic payloads (e.g., plasmid DNA, siRNA, and small molecules) have demonstrated anti-tumor effects in a number of preclinical studies [8] [9] [10] [11] [12] . Furthermore, scL carrying the wtp53 tumor suppressor gene (in a product termed SGT-53) has successfully completed Phase Ia/Ib clinical trials demonstrating its safety and anti-tumor activity [13] . We have recently demonstrated that SGT-53 targets cancer stem cells (CSCs) [6] .
The tumor-targeting nature of scL nanocomplex is due to an antitransferrin receptor single-chain antibody fragment (TfRscFv) on its surface, which binds to TfR overexpressed on tumor cells [14] . In addition to its overexpression on tumor cells, TfR is instrumental in the process of receptor-mediated transcytosis that actively moves ligand across the endothelial cells that form the BBB. The TfR carries its ligand, diferric transferrin, across the BBB for iron delivery to the brain and this TfR-mediated transcytosis is a well-established pathway. This pathway has been actively investigated to transport therapeutics by linking them either to the ligand or to an antibody recognizing the receptor [15] [16] [17] [18] [19] . Thus, the scL can both target the endothelial cells to cross the BBB and target tumor cells once in the brain. We have demonstrated that systemically administered SGT-53 both crosses the BBB and delivers its payload to intracranial tumors [6] . Here, we have adapted the scL delivery system to encapsulate TMZ for transcytosis across the BBB and uptake by brain tumor cells. We have compared the efficacy and toxicity of this formulation (termed "scL-TMZ") to conventional TMZ in both cultured cells and mouse models of GBM.
Materials and methods

Cells
All human cancer cell lines except U87-luc2 and U251 were obtained from American Type Culture Collection. U87-luc2, a luciferase expressing glioblastoma line, was purchased from Caliper Life Sciences. GBM cell line U251 was obtained from Tumor Repository at NCI-Frederick. U87R, a TMZ-resistant subclone of U87, was established as previously described [20] .
Preparation of the scL-TMZ nanocomplex
Incorporation of TMZ into cationic liposome was performed using the ethanol injection method as described previously [21] . Fresh TMZ solution was prepared by dissolving TMZ (Sigma) in DMSO (Sigma) to a concentration of 20-28 mg/mL. Lipid solution comprising 1,2-dioleoyl-3-trimethylammonium propane (DOTAP) and dioleoylphosphatidyl ethanolamine (DOPE) (Avanti Polar Lipids) was prepared in ethanol at a molar ratio of 1:1. The same molar ratio of lipid solution and TMZ solution was mixed into pre-warmed distilled water (65°C). TfRscFv-Lip-TMZ (scL-TMZ) complex was prepared as described previously [22] by mixing the TMZ cationic liposome with TfRscFv solution wherein the TfRscFv is directly complexed with the cationic liposome. Unencapsulated free TMZ was separated from the TMZencapsulated liposome (scL-TMZ) by filtration through Vivaspin 500 (5 kDa MWCO, GE Healthcare) and efficiency of encapsulation was calculated. For in vitro experiments, the complex was further diluted with serum-free medium. For animal injections, 50% dextrose was added to each sample to a final concentration of 5% dextrose. The size and zeta potential was determined with a Zetasizer Nano ZS System (Malvern Instruments).
In vitro transfection and cell viability
All cell lines were plated at 2.0 × 10 3 cells/well (96-well plate) and 24 h later treated with free TMZ or scL-TMZ. Cells treated with either liposome (Lip) or scL without TMZ served as controls. At 72 or 96 h after the treatment, cell viability was determined by XTT assay and IC50 values, the drug concentration resulting in 50% cell death, were interpolated from graphs of the drug concentration versus the fraction of surviving cells (SigmaPlot, Systat Software).
Immunofluorescence imaging
U87 cells were seeded at 5.0 × 10 4 cells/chamber of Falcon culture slides. After 24 h, cells were treated with either scL-TMZ or unencapsulated TMZ at 100 μM for 3 h, after which the media was removed, cells rinsed with PBS, and fresh drug-free media added. At 48 h post-transfection, cells were fixed, permeabilized, and incubated with rabbit polyclonal anti-γH2A histone family, member X (H2AX) (phospho S139) antibody (Abcam) followed by DyLight 488-conjugated donkey anti-rabbit antibody (BioLegend). Slides were mounted with Vectashield mounting medium with DAPI (Vector Laboratories) and imaged with an Olympus IX71 inverted epifluorescent microscope at 400× magnification.
Western blot analysis
U87R cells (6.0 × 10 5 cells/10 cm dish) were treated with either scL-TMZ or free TMZ at 100 μM and harvested 48 and 72 h post-treatment. Total cellular protein (40 μg) was separated on an 8% SDS-polyacrylamide gel, transferred to nylon membrane, and hybridized with antibodies against human anti-γH2AX (phospho S139) and cleaved caspase-3 (cCASP3) (Cell Signaling Technology). GAPDH levels served as protein loading control. Chemiluminescent detection was performed using ECL (GE Healthcare).
Toxicology
All animal experiments were performed in accordance with approved Georgetown University IACUC protocols. To assess the potential toxicity, 5-6 week old female BALB/c mice (Harlan Sprague-Dawley) were injected via the tail vein daily for 5 consecutive days with scL-TMZ or free TMZ, at 15 or 75 mg/m 2 TMZ/injection (n = 11 per group). On days 7 and 19, blood was collected for hematology and serum chemistry analysis (Antech Diagnostics).
Animal models
For the orthotopic GBM tumor model, 5-6 week old female athymic mice (Harlan Sprague-Dawley) were stereotactically inoculated with U87-luc2 cells as previously described [7] . After 7-10 days, the intracranial tumors were visualized by MRI and tumor volume quantified as previously described [7] . For the subcutaneous GBM tumor model, 5-6 week old female nude mice were inoculated with T98G cells (5.0 × 10 6 cells/site) suspended in Matrigel (BD Biosciences) [23] . Tumor volume (L × W × H) was determined and treatment began when the tumor averaged~100 mm 3 . Mice were distributed into treatment groups such that each group began with tumors of similar average size.
Bioluminescence imaging
To measure intracranial U87-luc2 tumor growth, bioluminescence imaging was performed using the Xenogen IVIS ® in vivo imaging system (Caliper Life Sciences) [24] .
Immunohistochemistry
After completing treatment (day 33) or when the control animals developed excessive tumor burden (day 25), the mice were euthanized. Brains were fixed in 4% formaldehyde and paraffin embedded. Coronal brain sections were stained with mouse anti-human Ki-67 antibody (Dako) plus Vectastain ABC kit (Vector Laboratories) according to manufacturer's instructions, and imaged using Olympus IX71 microscope (400× magnification). The percentage of Ki-67 positive cells was calculated in six randomly selected tumor fields using ImageJ software.
In vivo efficacy study
In vivo tumor response was assessed by determining the level of apoptosis. At the indicated time, intracranial U87-luc2 tumors and subcutaneous T98G tumors were harvested, weighed, and the tumor cells isolated [6] . For the cell cycle assay, cells were fixed in cold ethanol (70% vol/vol) and stained with propidium iodide (BD Biosciences). For the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay, cells were double-labeled with antibody to human CD133-PE (Miltenyi Biotec), and TUNEL using the in situ cell death detection kit (Roche Applied Science). Apoptosis was further evaluated using cCASP3 and cleaved PARP (cPARP) (Cell Signaling Technology) in combination with CD133-PE and SSEA-1-Alexa Fluor 647 (BioLegend). Samples were analyzed by BD FACS Aria flow cytometer (BD Biosciences).
Statistical analysis
Results are presented as the mean ± SD. The statistical significance was determined using the analysis of variance (ANOVA) (SigmaPlot). P values of <0.05 were considered significant. Survival curves were estimated using the Kaplan-Meier method and compared using a log-rank test.
Results
Characterization of the scL-TMZ nanocomplex
The mean particle size and zeta potential of scL-TMZ are shown in Table S1 . Adding the tumor-targeting moiety to the liposomes or encapsulation of TMZ slightly increased particle size and decreased zeta potential. However, the scL-TMZ still maintained its nano-scale size (41.4 ± 9.2 nm) and positive surface charge (30.1 ± 4.6 mV). The encapsulation efficiency of TMZ in scL complex was tested 5 times and the average was 45.23 ± 4.34%.
scL-TMZ enhances GBM killing in vitro
To assess the anti-tumor activity of scL-TMZ, we evaluated by immunofluorescence the level of γH2AX, which is indicative of double-strand DNA breaks produced by alkylating agent TMZ ( Fig. 1A ). While treatment with TMZ resulted in DNA damage, significantly more was observed in the nuclei of U87 cells treated with
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Please cite this article in press as: Sang-Soo Kim, et al., Encapsulation of temozolomide in a tumor-targeting nanocomplex enhances anti-cancer efficacy and reduces toxicity in a mouse model of glioblastoma, Cancer Letters (2015), doi: 10.1016/j.canlet.2015.08.022 scL-TMZ. To determine if this enhanced DNA damage resulted in increased tumor cell death, XTT cell survival assays were performed with U87 and U251 cells. In both TMZ-responsive cell lines, scL-TMZ resulted in a 2-3-fold increase in cell death as indicated by the changes of IC50 values compared to free TMZ ( Fig. 1B and Table 1 ). In contrast, treatment with Lip alone did not result in any significant cell death. These results demonstrate that there is a substantial increase in DNA damage and tumor cell death in vitro when TMZ is encapsulated in the scL nanocomplex.
In vitro sensitization of TMZ-resistant GBM cells by scL-TMZ
Since increasing the response of TMZ-resistant GBM tumor would be clinically relevant, U87R, a highly TMZ-resistant subclone of U87, was tested with scL-TMZ. DNA damage and apoptosis were monitored at 48 and 72 h after treatment (Fig. 1C ). Compared to treatment with free TMZ, the levels of γH2AX increased by 2-3-fold with scL-TMZ. Moreover, increased expression of cCASP3, an indicator of apoptosis, correlated with increased γH2AX, which was enhanced 4.7-fold 72 h post-treatment compared to that seen in the cells treated with free TMZ. XTT assay of these TMZ-resistant cells revealed that the cells were considerably more sensitive to TMZ when it was formulated as scL-TMZ, reaching IC50 values below 50 μM ( Fig. 1D ) compared to no significant killing of either cell line below a TMZ dose of 500 μM. This equated to a 35-40 fold increase in cell killing by scL-TMZ. No cell death was observed after treatment with Lip at the liposome concentration corresponding to scL-TMZ.
scL-TMZ enhances TMZ killing of non-GBM tumor cells
TMZ is currently being evaluated in clinical trials for treatment of various non-GBM cancers including melanoma, pancreatic, and brain metastases from non-CNS solid tumors (e.g., lung and breast cancers) [25, 26] . Using the XTT assay, we assessed the potential of scL-TMZ to kill various types of non-GBM cancers in vitro (Table 1 and Fig. S1 ). Human cancer cell lines from melanoma (MDA-MB-435), lung (A549), prostate (DU145), pancreatic (PANC-1), breast (MDA-MB-231) and colon (HT-29) cancers were each treated with either scL-TMZ or free TMZ. In all cell lines, scL-TMZ was dramatically more effective in killing the cells than was free TMZ. Treatment with scL vehicle alone which served as control was not effective in killing these cells. These results suggest that the potential of scL-TMZ to enhance anti-tumor effect is likely not limited to GBM.
Enhanced tumor growth inhibition by scL-TMZ
Using an intracranial U87-luc2 xenograft model, we examined the anti-tumor effect of systemically administered scL-TMZ in vivo. Animals were treated with either free TMZ or scL-TMZ twice/ week for 5 weeks as shown in Fig. 2A . Previously in various types of tumors, scL nanocomplex alone (without a payload) did not affect tumor growth. Moreover, we have also observed repeatedly that the untargeted complex (scL minus the targeting moiety) does not significantly increase the anti-tumor efficacy of the drugs [9, 27] . Thus, we did not repeat similar experiments for presentation in this manuscript. Tumor size measured by MRI, luciferase activity from the tumors, and animal survival were monitored up to day 51. After receiving 6 i.v. injections (Day 19), MRI showed a significant inhibition of tumor growth in mice treated with TMZ, as expected for the TMZresponsive U87-luc2 tumors. However, a significantly greater level of growth inhibition was evident with scL-TMZ (Fig. 2B ). Corresponding results were obtained with bioluminescence imaging (Fig. 2C ). Based upon quantitation of the tumors' luciferase activities, tumors continued to grow throughout the experiment in all groups except the scL-TMZ treated group (Fig. 2C, lower panel) .
Although tumor growth was slowed in mice receiving free TMZ, their tumors continued to increase in size with rapid tumor growth resuming after treatment ended. In contrast, no significant growth was evident throughout the course of treatment with scL-TMZ, and this inhibition persisted for~3 weeks after the end of treatment. This enhanced inhibition of tumor growth by scL-TMZ was supported by immunohistochemical staining of Ki-67, a marker of cell proliferation. Tumors in mice treated with scL-TMZ exhibited a significantly lower percentage of Ki-67-positive cells compared to tumors in mice treated with Lip or free TMZ (Fig. 2D) .
Enhanced apoptosis and prolonged survival by scL-TMZ
Using the same experimental design as in Fig. 2A , we evaluated several apoptotic indicators in the tumors of mice receiving 3 injections (Day 10). Cell cycle analysis showed a significant increase of tumor cells in sub-G1 in the scL-TMZ group (Fig. 3A) . Corresponding increases in indicators of apoptosis (cCASP3, cPARP, and TUNEL) were also observed after treatment with scL-TMZ ( Fig. 3B ). Importantly, these increased apoptosis indicators were observed in CD133 + CSCs as well as CD133 − bulk tumor cells suggesting that scL-TMZ might reduce chemoresistance and recurrence of GBM mediated by CSCs.
Compared to Lip-treated mice that all succumbed to disease by day 26, treatment with free TMZ increased survival by 18 days (Fig. 3C ). However, all of these mice also succumbed to disease by day 58. In contrast, 37.5% of mice receiving scL-TMZ survived until day 77 (45 days after the end of treatment) when the experiment ended. Mean survival times of mice treated with scL-TMZ were 2.4and 1.4-fold longer than those treated with Lip or free TMZ, respectively. A log-rank statistical analysis showed statistical significance (P < 0.001).
Treatment with scL-TMZ overcomes TMZ-resistance in vivo
We next examined the ability of systemically administered scL-TMZ to sensitize TMZ-resistant GBM tumors in mice bearing subcutaneous T98G xenograft tumors. Mice were monitored after receiving i.v. injections for 5 days of either 200 mg/m 2 /day of free TMZ or 75 mg/m 2 /day of scL-TMZ ( Fig. 4A ). Although treatment with 200 mg/m 2 /day of free TMZ resulted in some tumor growth inhibition during treatment, rapid tumor growth increased posttreatment. In contrast, significant inhibition of tumor growth was evident in mice that received scL-TMZ at 75 mg/m 2 /day. On day 18, tumors in scL-TMZ-treated animals were~55% smaller than those untreated tumors. Treatment with free TMZ resulted in only~14% smaller tumors despite the fact that the amount of drug was~2.7fold higher than in the scL-TMZ formulation. Treatment with the 75 mg/m 2 /day dose of scL-TMZ also resulted in reduced toxicity as indicated by body weight (Fig. 4B) . Thus, use of tumor-targeted scL delivery not only results in improved efficacy at a lower drug dose (even in TMZ-resistant tumors) but also concomitant reduction in toxicity.
The level of apoptosis was determined by TUNEL ( Fig. 4C ) and cCASP3 staining (Fig. 4D ) 48 h after the end of treatment. Compared to treatment with free TMZ at 200 mg/m 2 /day, a significantly increased percent of bulk tumor cells (CD133 − or SSEA-1 − ) as well as CSCs (CD133 + or SSEA-1 + ) stained positive for TUNEL and cCASP3 in tumors in mice treated with scL-TMZ (at 75 mg/m 2 /day).
Reduced toxicity associated with scL-TMZ compared to free TMZ
Non-tumor-bearing mice were systemically treated with scL-TMZ or free TMZ for 5 days at TMZ doses of 15 and 75 mg/m 2 /day. Effects on hematological and biochemical values in the blood on days 7 and 19 are shown in Table 2 and Table S2 , respectively. At a dose of 15 mg/m 2 /day, no significant toxic effects were observed with either scL-TMZ or free TMZ on day 7. In animals treated with free TMZ at 75 mg/m 2 /day a 35-45% decrease in leukocyte, lymphocyte, and thrombocyte counts was observed. In contrast, there was no significant hematological effect in the mice treated with scL-TMZ at 75 mg/m 2 /day. Elevation in liver enzymes ALT and AST was also evident after treatment with free TMZ, but not with scL-TMZ at 75 mg/m 2 /day on day 7. Cardiotoxicity is a known side effect of TMZ [28] , and creatine phosphokinase (CPK), an indicator of cardiotoxicity, was elevated >6-fold after treatment with free TMZ whereas no increase was observed after treatment with scL-TMZ. Treatment with scL-TMZ at 75 mg/m 2 /day resulted in a 2.7-fold increase in the number of neutrophils on day 7, but levels of all of the hematological parameters had returned to approximately normal levels by day 19. In some cases, a minor rebound to slightly higher than normal levels was observed. Collectively, these results demonstrate that encapsulation of TMZ in the scL nanocomplex has the potential to reduce the incidence/severity of leukopenia, lymphopenia, thrombocytopenia in the clinic, well known adverse effects of TMZ treatment [5, 29] .
Discussion
Our data indicate that scL-TMZ was capable of killing GBM cells in culture much more effectively than free TMZ. This enhanced killing in vitro reflects the ability of the scL nanocomplex to enter the cancer cells via their cell surface TfR and to deliver a payload (in this case TMZ) to them. Non-GBM cells in culture are also more sensitive to scL-TMZ than to free TMZ.
For scL-TMZ to be effective in vivo, it must reach the tumor. The difficulty in delivering an effective dose of TMZ to GBM cells in the brain represents a significant obstacle in treatment of the disease. Substantial variability in TMZ response among patients likely derives in no small measure from the fact that TMZ primarily enters the brain via disrupted BBB in the tumor [4] , and the degree of disruption varies from patient to patient. The nanomedicine, scL-TMZ, actively crosses the intact BBB by TfR-mediated transcytosis. Once in the brain, scL-TMZ can be actively taken up by GBM cells by the same TfR-mediated mechanism (endocytosis) seen in our in vitro experiments. In a number of our earlier publications, we have repeatedly demonstrated the importance of the targeting moiety for the increased transfection efficiency and tumor targeting ability of the scL nanocomplex when compared to both a control antibody and the unliganded complex in vitro and in vivo [11, [30] [31] [32] . As a result of this dual targeting of both the normal endothelial cells of the BBB and tumor cells in the brain, systemic treatment with scL-TMZ significantly improved the anti-tumor activity of TMZ in our animal studies. With both TMZ-sensitive and TMZ-resistant tumors, we observed a substantial inhibition of tumor growth, a substantial increase in cancer cell apoptosis, and a significant prolongation of animal survival. We have shown that, when encapsulated in scL, a TMZ dose that is 2.7-fold lower than the dose of free TMZ was about 4-fold more effective in controlling tumor growth in the TMZresistant tumors suggesting that the improvement of TMZ effectiveness when formulated as an scL nanomedicine is on the order of 10-fold. This increased effectiveness might enable patients who are less responsive to TMZ to be effectively treated, and may also allow the dose of TMZ to be dropped to reduce side effects. Other strategies might be combined with scL-TMZ to improve further the efficacy in treating patients having a TMZ-resistant GBM tumor. For example, excessive drug efflux in tumor cells can be blocked by inhibiting the efflux pumps such as ATP-binding cassette drug efflux transporters to elevate intracellular TMZ level [33] . Another promising strategy is based on inhibition of the DNA repair systems such as O 6 -methylguanine-DNA methyltransferase (MGMT), which repairs the cytotoxic DNA adducts generated by TMZ and increases TMZ-resistance [4] . In a previous study, we demonstrated that systemic delivery of SGT-53 can abrogate MGMT expression and reverse the TMZ-resistance [6, 7] . The combination of SGT-53 and scL-TMZ might further increase anti-tumor efficacy of TMZ in highly TMZ-resistant GBM tumors.
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CSCs have been implicated in drug resistance and recurrence of GBM. They have been identified in the infiltrative peritumoral parenchyma of GBM, where the BBB remains intact (or less altered), resulting in lower accessibility of these regions to free TMZ [34, 35] . The restricted bioavailability of free TMZ to CSCs in these areas of tumor infiltration as well as the intrinsic drug-resistance of CSCs may combine to limit the efficacy of current treatment regimens that utilize free TMZ. In this study, we demonstrated substantial induction of apoptosis by scL-TMZ in vivo in CD133 + or SSEA-1 + CSCs in the tumors. This result suggests that the ability of scL-TMZ to reach and affect CSCs could lead to a decrease in tumor recurrence and the development of resistance in initially TMZ-sensitive GBM tumors and to help overcome chemoresistance in TMZ-resistant GBM tumors.
Another significant findings presented here are the results of our toxicology studies. Therapeutic dosages of TMZ are currently limited by the potential for developing myelosuppressive disorders, primarily neutropenia and thrombocytopenia [5, 29] . Incidences of opportunistic infections, e.g. pneumocystis pneumonia, have also been associated with long-term usage of TMZ [36] . Our toxicology study comparing scL-TMZ and free TMZ demonstrated that in its nanomedicine formulation TMZ-associated toxicities were significantly reduced. Generally, GBM patients receive multiple cycles of TMZ treatment. However, treatment can be interrupted or discontinued based upon the severity of the side effects. A clear advantage of scL-TMZ is the potential to reduce the incidence of these adverse reactions, not only increasing the patients' quality-of-life on treatment, but also extending the duration of treatment and improving the probability of prolonged survival.
In summary, our data indicate that systemic delivery of TMZ via a nanomedicine formulation (scL) provides a means both to enhance the therapeutic efficacy of TMZ and to reduce TMZ-related toxicities. The abilities of this dually targeted nanomedicine to cross the BBB and to target tumors with a high degree of specifically may result in an increased response rate in GBM patients and a significant reduction in toxicity. Thus, scL-TMZ could lead to a significant improvement in the prognosis of GBM patients, and this tumortargeting nanomedicine that also has the potential for use against a broad range of non-GBM cancers.
